Background: Physical activity and body mass index (calculated as weight in kilograms divided by height in meters squared) independently alter the risk of coronary heart disease (CHD); however, their combined effect on CHD is not established. Our objective was to study the combined association of physical activity and body mass index on CHD.
B
OTH PHYSICAL INACTIVITY and obesity are modifiable risk factors that play significant roles in the development of coronary heart disease (CHD) and are thus major public health issues. [1] [2] [3] [4] [5] Obesity is recognized as a major public health issue owing to its dramatically rising prevalence and deleterious impact on many chronic diseases including CHD. 6 In addition, the majority of Americans are inactive and not meeting the Surgeon General's goal for adequate physical activity. [7] [8] [9] There has been recent interest in studying the combined effect of physical activity and body weight on morbidity and mortality. 10, 11 Previous studies were often limited to secondary analyses. 12 , 13 Some studies demonstrate that physical activity may be more important than body mass index (BMI) (calculated as weight in kilograms divided by height in meters squared) in the context of CHD prevention, [14] [15] [16] [17] and others show a greater risk associated with BMI. 18 Given the paucity of data and public health implications of distinguishing the impact of physical inactivity and elevated BMI on the risk of CHD, we investigated the combined relationship of total physical activity and walking with BMI to determine if physical activity reduces the adverse impact of elevated BMI (Ն25) on CHD risk.
METHODS

PARTICIPANTS
The Women's Health Study (WHS) is a recently completed, randomized, double-blind, clinical trial of low-dose aspirin and vitamin E in the primary prevention of cardiovascular disease (CVD) and cancer. [19] [20] [21] A total of 39 876 US female health professionals 45 years or older, reportedly free of CHD, CVD, and cancer, were enrolled and randomized beginning in 1992. 22, 23 Data were collected on sociodemographics, health habits, and medical history. For the present study, 889 participants were excluded because of missing data on physical activity or BMI or a history of myocardial infarction (MI), coronary artery bypass graft, percutaneous transluminal coronary angioplasty, or stroke, leaving 38 987 baseline subjects.
ASSESSMENT OF BMI AND PHYSICAL ACTIVITY
Body mass index was calculated with baseline self-reported height and weight. In the Nurses' Health Study, a similar cohort, recalled weight had a correlation of 0.96 with directly measured weight and recalled height had a correlation of 0.94, demonstrating high validity. 24, 25 Women were asked to estimate the average time per week spent during the past year on the following 8 groups of recreational activities: walking and hiking; jogging; running; bicycling; aerobic exercise, aerobic dance and exercise; swimming; tennis, squash, and racquetball; and lower-intensity exercise. 12 The number of flights of stairs climbed daily was also reported. Based on the energy cost of each activity, a metabolic equivalent task (MET) score was assigned. One MET is approximately 1 kcal/kg of body weight per hour; thus, energy expenditure in kilocalories per week was estimated by multiplying the MET score by body weight and hours per week. This assessment of physical activity has been shown to be valid and reliable. The testretest correlation over 2 years in a random sample of nurses was 0.59. Questionnaire estimates compared with 4 past-week physical activity recalls collected the year before the questionnaire was administered had a correlation of 0.79. Questionnaire estimates compared with activity diaries during the same year for 4 separate weeks had a correlation of 0.62.
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ASCERTAINMENT OF CHD DURING FOLLOW-UP
After the first 6 and 12 months and annually thereafter, subjects completed follow-up questionnaires that assessed their compliance in taking assigned treatment, potential adverse effects to treatment, risk factors for CHD, and study end points. Incident cases of CHD included MI, coronary artery bypass graft, percutaneous transluminal coronary angioplasty, and CHD death. Myocardial infarction was confirmed according to World Health Organization criteria. 27 Coronary artery bypass graft and percutaneous transluminal coronary angioplasty were confirmed by hospital records. All CHD end points were determined by a blinded committee of physicians who deemed that there was convincing evidence of a cardiovascular mechanism from medical documentation, which included death certificates, autopsy reports, and medical records.
STATISTICAL ANALYSIS
All analyses were conducted using SAS version 8 (SAS Institute Inc, Cary, North Carolina) statistical software. Body mass index and physical activity were categorized because we chose not to assume a linear relationship. Using the World Health Organization guidelines, we divided BMI into the following categories: normal weight (Ͻ25), overweight (25 to Ͻ30), and obese (Ն30). 28 Physical activity was first categorized as active (Ն1000 kcal/wk) or inactive (Ͻ1000 kcal/wk), since 1000 kcal/wk approximates the Surgeon General's recommendations for physical activity (30 minutes of moderate-intensity activity for 5 d/wk or 20 minutes of vigorous-intensity activity on 3 d/wk). [7] [8] [9] Since kilocalories are determined by weight, we calculated the Spearman correlation coefficient of kilocalories per week and MET-hours per week score, a physical activity variable that is not dependent on weight. Because the correlation was high (0.99; PϽ.001), we chose to use kilocalories per week to facilitate the interpretation of the results.
Subjects were divided into a 6-group joint physical activity and BMI variable: normal weight-active, normal weightinactive, overweight-active, overweight-inactive, obeseactive, and obese-inactive. We also considered other definitions of total physical activity (in quartiles: Ͻ200, 200-599, 600-1499, and Ն1500 kcal/wk); and walking (time spent per week: no walking, Ͻ1, 1-1.5, 2-3, and Ն4 h/wk).
Cox proportional hazards models examined the independent association of both BMI and physical activity with CHD. Hazard ratios (HRs) and their 95% confidence intervals (CIs) were calculated using ageϩtreatment-and multivariate-adjusted models. The primary multivariate model adjusted for age, parental history of MI before age 60 years (yes or no), alcohol use (rarely/ never, 1-3 drinks/mo, 1-6 drinks/wk, or Ն1 drink/d), smoking status (never, past, or current), hormone therapy use (never, past, or current), dietary factors (saturated fat, fiber, vitamin E, folate, and fruit and vegetable intake calculated from a semiquantitative food frequency questionnaire), and randomized WHS treatments. 29 Information on these variables was obtained by selfreport at baseline. Though randomized active and placebo treatment assignments were evenly distributed across the groups, we controlled for randomized treatment to ensure that it had no influence on the results.
In secondary analyses, we controlled for the aforementioned covariates plus self-reported hypertension, high cholesterol level, and diabetes, which are likely intermediates in the causal pathway to the development of CHD and may reflect overadjustment. Hypertension was defined as selfreported high blood pressure diagnosed by a physician, selfreported systolic blood pressure of 140 mm Hg or higher, or diastolic blood pressure of 90 mm Hg or higher. In a small unpublished validation study in the WHS, the confirmation rate was 96% for self-reported hypertension. In another study, greater than 90% of WHS participants reporting no hypertension throughout follow-up were confirmed to be normotensive. High cholesterol level was defined as self-reported high cholesterol level diagnosed by a physician, self-reported total cholesterol of 240 mg/dL or greater (to convert to millimoles per liter, multiply by 0.0259), or use of cholesterol-lowering medications. In a recent study of the WHS, the Pearson and Spearman correlation coefficients were 0.54 and 0.57 (P Ͻ .001) for selfreported and measured total cholesterol, respectively. Selfreported high cholesterol level was a strong predictor of CVD. 30 In validation studies using telephone interviews or supplemental questionnaires, the positive predictive value of diabetes was very high in the WHS (91%). 31 Walking analyses adjusted for kilocalories per week on activities other than walking. Categorical variables containing each subgroup were entered into each model to calculate the test of trend. To test for overall effect modification, we tested an interaction term between the continuous BMI and physical activity (kilocalories per week) variables in both ageϩtreatment-and multivariate-adjusted models.
Joint BMI and physical activity variables were entered into ageϩtreatment-and multivariate-adjusted models to study their combined association with incident CHD. The normal-weight (BMI Ͻ25), most active (eg, Ն1000 kcal/wk) individuals were always considered the reference group. The assumption of proportional hazards was tested for each model and was not violated. To control for residual confounding due to body weight, interaction terms between BMI and the difference from the mean BMI for each strata were entered into each model. In secondary analyses, we limited analyses to the hard CHD end points, nonfatal and fatal MI. To test for effect modification in each joint analysis, an interaction term between BMI and each physical activity variable was entered into each model. PϽ.05 was considered statistically significant.
RESULTS
Of the 38 987 women at baseline, 948 developed CHD during 10.9 mean years of follow-up. At baseline, 34% of the women were considered physically active based on the Surgeon General's guidelines. [7] [8] [9] Median energy expenditure was 578 kcal/wk, and mean (SD) BMI was 26.0 (5.1). Of the women, 51% were considered normal weight; 31%, overweight; and 18%, obese. The Spearman correlation between MET score and kilocalories per week was 0.99 (PϽ.001).
Baseline characteristics of the subjects by the 6-category joint physical activity and BMI variable are given in Table 1 . Elevated BMI was associated with hypertension, high cholesterol level, and diabetes and inversely associated with hormone therapy use, physical activity, and alcohol use. Inactive women were more likely to be current smokers.
In Table 2 , as BMI increased, the risk of CHD increased even after adjusting for potential confounders (PϽ.001 for trend), with an HR of 1.64 for overweight women and 2.13 for obese women. Subjects who were physically active, as defined by the Surgeon General guidelines, 7-9 had a 31% reduction in risk with an ageϩtreatment-adjusted HR of 0.69. When potential confounders were added, the HR was attenuated but remained significant (HR, 0.82; 95% CI, 0.70-0.96). For total physical activity and walking, there was a significant reduction in CHD risk even after adjusting for potential confounders. In additional analyses, we controlled for BMI in the physical activity models and for physical activity in the BMI models. Small changes in the HRs were found that did not alter the interpretation of the results.
There was no significant overall effect modification of physical activity (kilocalories per week) by BMI (P=.61); thus, BMI and physical activity remained independent predictors. No effect modification of physical activity by BMI status was found (P=.31-.84) in each joint model.
The joint effect of BMI and physical activity on CHD is shown in Figure 1 . Compared with the normal weightactive group, CHD risk increased in overweight and obese subjects regardless of physical activity status in the multivariate model. As BMI increased in inactive women, there was an increase in the risk of CHD between each group (P value for normal weight-inactive vs overweight-inactive, Ͻ.001; P value for overweight-inactive vs obese-inactive, Ͻ.005). Among active women, there was a statistically significant difference between normal-weight women and overweight or obese women (P value for overweight-active vs normal weight-active, .005; P value for obese-active vs normal weight-active, .001); however, there was no statistically significant difference between overweight and obese groups (P=.32).
Similarly,whenphysicalactivitywasdelineatedintoquartiles of overall energy expenditure and jointly analyzed with BMI on CHD risk, increasing physical activity reduced the risk of CHD (Figure 2) . As physical activity level increased, thedifferenceintheriskofCHDbetweenBMIstratadecreased. Compared with normal-weight women, the HR remained significantlyelevated(PϽ.01)inoverweightandobesewomen irrespective of physical activity level, except for the overweight women who expended more than 1500 kcal/wk. Withineachphysicalactivitystratawefoundsignificanttrends for increasing BMI (P values ranging from Ͻ.001 to .01). Within each BMI strata, trends were not significant for increasing physical activity level (P values ranging from .06 to .60).
In Table 3 , increases in walking time reduced the risk of CHD, as did lower BMI levels. Similar to previous analyses, the risk of CHD decreased in each BMI strata as time spent walking increased. The greatest reduction in risk for each weight category occurred between no walking and 1.0 Adjustment for hypertension, high cholesterol level, and diabetes in each model considerably attenuated the risk of CHD; however, the trends across categories remained similar. The risk was reduced by approximately 16% in overweight women and by approximately 35% in obese women. When we excluded subjects with baseline and incident diabetes from our study population, the overall trends remained intact, but the magnitudes of the HRs were weakened by approximately 20% to 40%. Therefore, these 3 intermediate factors accounted for a moderate amount of attenuation of the overall associations of elevated BMI and physical inactivity with CHD and likely explain a modest portion of the mechanism by which overweight, obesity, and physical inactivity may contribute to CHD.
When we considered only nonfatal and fatal MI in the joint analyses, the results were similar but the magnitudes of effect were weakened. During the course of the study, 353 subjects developed MI. The overweight and obese active groups did not yield statistically significant results (P value for overweight-active vs normal weight-active, .27; P value for obese-active vs normal weight-active, .56); however, the pattern in the HRs was the same. The number of active individuals who developed these conditions was small; therefore, the lack of significance may reflect a lack of statistical power.
COMMENT
In this population of middle-aged and older women, both elevated BMI and reduced physical activity individually increased the risk of CHD, as in previous studies. [1] [2] [3] [4] [5] When the interrelationship of BMI and physical activity with CHD was evaluated, we found that physical activity attenuated the risk of CHD from elevated BMI (Ն25). However, even high levels of physical activity did not eliminate the excess risk of CHDassociatedwithoverweightandobesity.Althoughthere was no significant interaction between physical activity and BMI, this study improves our understanding of their interrelationship in the development of CHD.
Limited data are available on the combined relationship of physical activity and BMI, typically assessed as subgroup analyses within studies that were not specifically designed to comprehensively assess the joint effect. 12 In an earlier subgroup analysis of the WHS, physical activity level and weight status appeared to have a comparable influence on the risk of CHD. 12 Recent studies of the joint association of BMI and physical activity on CVD mortality and incidence are consistent with our findings. Joint studies have shown that fitness significantly reduced CVD mortality regardless of BMI level, suggesting that physical fitness had a greater impact than BMI. 13, 16, 17 One joint study concluded that physical inactivity had a strong independent associa- tion with CVD risk; however, obesity was attenuated by risk factors, suggesting that obesity is a modifiable coronary risk factor. 16 However, overweight individuals were not differentiated from normal-weight individuals, and the self-reported physical activity data were not as detailed. In this study, physical activity were defined as low (almost or completely inactive), moderate (some activity Ͼ4 h/wk) or high (vigorous activity Ͼ3 h/wk).
TheWomen'sIschemiaSyndromeEvaluationstudy,which analyzed the joint relationship of physical fitness and BMI with CVD risk, suggested that obesity is a modifiable risk factor by physical fitness.
14 Follow-up extended only 4 years, and only symptomatic individuals were evaluated; therefore, the effect on a healthy population is unclear. Although physical fitness has been used as a proxy for physical activity, it likely reflects a nonmodifiable genetic component, which may influence other protective pathways. Physical activity measuresaremorepracticalbecausetheyaremodifiable,simpler to quantify, and easier to understand by the public, and they can be directly used to formulate public health guidelines. The Nurses' Health Study recently showed that obesityconferredgreaterriskthanphysicalactivityinjointanalyses of BMI and physical activity on CHD risk. 19 We were able tostudyhighlevelsofphysicalactivitythatcouldnotbeevaluated in the Nurses' Health Study.
Our results can be explained by the current understanding of the pathophysiologic processes of CHD. Adipocytes release free fatty acids, interleukins, and cytokines that may have adverse effects on cardiac function by accelerating atherosclerosis and increasing endothelial dysfunction, coagulability,andinflammation. 32, 33 Thereisevidencethatphysical activity improves endothelial function and reduces vascular resistance. 34 Physical activity also reduces fibrinogen and platelet aggregation and increases tissue plasminogen activator levels, which likely reduces the risk of thrombosis. 34 The mechanism by which physical activity attenuates the negative effect of obesity on CHD remains unclear. We postulate that the beneficial effect of physical activity may directly reduce and combat the ill effect of the prothrombotic factors released by adipocytes. Limitations of our study include using self-reported physical activity data restricted to leisure-time physical activity. However, studies have shown that the selfreported physical activity questionnaire used is valid and reliable. 26 While occupational physical activity was not reported, female health professionals would be expected to expend relatively little sustained occupational physical activity. Height and weight are limited by self-report, but high correlation with measured values has been demonstrated in a similar cohort. 24, 25 We did not account for changes in BMI and physical activity over time, which in a similar study of diabetes in the WHS did not affect our risk estimates. 10 Weight gain tends to be linear over time; therefore, the difference between the groups is likely to remain constant even though weight may change. In addition, this cohort of female health professionals tends to be healthier than the general population 35 ; however, the underlying biological mechanisms for physical activity and BMI affecting the development of CHD are unlikely to be different from the general population. In addition, the association between physical activity and CHD in normal-weight individuals remains unclear. Although the HRs trended downward with increasing activity levels, our study was underpowered to detect small differences in risk between the normal-weight individuals. As with any observational study, residual confounding is of concern; however, known major confounders have been comprehensively controlled for in our multivariate models. Percutaneous transluminal coronary angioplasty and coronary artery bypass graft may introduce bias, since they may be performed many years before an event would occur. Our analyses of nonfatal and fatal MI yielded similar results; however, they were underpowered. Additional analyses are needed to confirm these results.
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